established in human speech (Titze, 1989; Titze, 1994) , the biomechanical the mouth and nostrils for example), Z out is the radiation impedance. The initial increase represents the caudal end of the oral cavity between the 3 5 6
Isthmus faucium and the root of the tongue and the final decrease the rostral the tongue in ruminants, which considerably narrows the middle oral cavity.
When the mouth is opened and the lower jaw depressed for groan emission 3 6 1 the cross-sectional areas of the (then funnel-shaped) oral cavity will increase 3 6 2 accordingly in direction towards the lips. The vocal tract resonances predicted from the vocal tract area functions of 3 6 7 male 1 and male 2 and corresponding to the three possible configurations are tract only, and to the F2 predicted by the oral vocal tract only. F4 and F5 3 7 3 predicted by the combined oral and nasal vocal tracts corresponds to the F3 predicted by the nasal vocal tract only, and to the F3 predicted by the oral
vocal tract only (figure 6, table 1).
3 7 6 3 7 7
The centre frequencies of each predicted formant are reported in table 1. The 3 7 8 models using both oral and nasal vocal tracts predict much lower formants overall (average formant spacing of 255 Hz) than models using the oral vocal slope of the regression line is closer to 1 (indicating a better fit of the scaling
of the resonances), and R 2 is also higher (indicating a better fit of the pattern
of the resonances). Examination of the regression slopes in figure 7 shows
that while model 3 (combined oral and nasal vocal tracts) underestimates the 3 9 8
formant frequency spacing by 9%, model 1 (oral vocal tract only)
overestimates DF by 37% and model 2 (nasal vocal tract only) overestimates second and third formants are close to one another and the fourth formant is
higher, leaving a gap between the third and fourth formant. Our simulations 4 3 1 combining both the oral and nasal vocal tracts predict this pattern.
3 2
Comparison of the models suggests that formants two and four of fallow deer In terms of frequency scaling, our predictions resolve the aforementioned The inclusion of nasal resonances in future models should allow for better Taken together our observations strongly suggest that the nasal cavity and (rather than nasal) calls. We suggest that the potential for nasalization of The role of nasal cavities in acoustic output has been investigated in humans analysis (Dang et al., 1994; Feng and Castelli, 1996; Hattori and Fujimura, 4 7 6 1958; Pruthi et al., 2007; Story, 2005 There are obvious limitations to this investigation. Our dead specimens were vocalizing, and do not account for internal adjustments such as, e.g., the Giacoma, 2006b). Using a larger sample of specimens would also allow the 4 9 9 assessment of inter-individual variation, including the effect of age or size. that allow callers to maximise the acoustic impression of their body size vocal tract adds additional formants to the lower part of the spectrum, which
increases formant density (decreasing formant spacing), and may make the In conclusion, we contend that, while expensive and technically challenging, greatly assist the interpretation of formant patterns in mammal vocalizations.
2 2
We suggest that similar approaches could be generalized to the study of vocal
tract resonances in other terrestrial mammals. Basihyoid: unpaired, most ventral, transverse component of hyoid apparatus arms to the larynx. Choanae: the 'internal nares', i.e. the two openings at the caudal end of the
nasal cavity, where the paired nasal meatuses lead into the nasopharynx.
3 4
Cricoid cartilage: the most caudal, ring-shaped cartilage of the larynx that is
attached to the trachea; it consists of a dorsal plate and a ventral arch.
3 6
Epiglottis: the most rostral cartilage of the larynx; during quiet breathing it
has a so-called intranarial position, i.e. it protrudes dorsally, through the intra- larynx is withdrawn from the intra-pharyngeal ostium so that it is now
positioned in the oropharynx.
4 1
Glottis: forms the vocal source of the larynx; it consists of the two vocal folds, laryngeal vestibule rostrally, and the infraglottic cavity caudally.
4 5
Hyoid apparatus: a framework of small rod-like bones connecting dorsally to
the base of the skull, rostrally to the tongue, and caudally to the larynx; it Royal Parks for their help obtaining the specimens. We are also very grateful
to Jan Bush and the amazing staff at CISC for facilitating the production of the
CT-Scans. The authors declare no competing or financial interests. reference 6188 from Centre National de la Recherche Scientifique. DR was supported by an invited professorship from Le Mans Université. MW was Research Fellowship (grant number 0908569) and an award from the 6 1 7
Systematics Research Fund. on request from the corresponding author. groaning posture (B) during the annual rut. In (A) the neck is not extended,
the larynx is in its resting position and the mouth is closed. In (B) the neck is
extended, the larynx retracted, and the mouth is opened (no lip rounding).
Single frames from a video by D. Belton ©. and nasal cavities. representative cross-sections at the level of the glottis (1), of the naso-and
oro-pharynx separated by the soft palate (2) and of the nasal cavities (3). configurations of groan production in male 1 (A) and male 2 (B). Red combined oral and nasal vocal tracts is more similar to the observed formants 6 7 3
in fallow deer groans than the resonance patterns of either oral or nasal vocal
tract alone. resonances. 
